Thyroid hormones are important for normal reproductive function. Although 3,5,3 0 -triiodothyronine (T 3 ) enhances follicle-stimulating hormone (FSH)-induced preantral follicle growth and granulosa cells development in vitro, little is known about the molecular mechanisms regulating ovarian development via glucose. In this study, we investigated whether and how T 3 combines with FSH to regulate glucose transporter protein (GLUT) expression and glucose uptake in granulosa cells. In this study, we present evidence that T 3 and FSH cotreatment significantly increased GLUT-1/GLUT-4 expression, and translocation in cells, as well as glucose uptake. These changes were accompanied by upregulation of nitric oxide (NO) synthase (NOS)3 expression, total NOS and NOS3 activity, and NO content in granulosa cells. Furthermore, we found that activation of the mammalian target of rapamycin (mTOR) and phosphoinositide 3-kinase (PI3K)/Akt pathway is required for the regulation of GLUT expression, translocation, and glucose uptake by hormones. We also found that L-arginine upregulated GLUT-1/GLUT-4 expression and translocation, which were related to increased glucose uptake; however, these responses were significantly blocked by N(G)-nitro-L-arginine methylester. In addition, inhibiting NO production attenuated T 3 -and FSH-induced GLUT expression, translocation, and glucose uptake in granulosa cells. Our data demonstrate that T 3 and FSH cotreatment potentiates cellular glucose uptake via GLUT upregulation and translocation, which are mediated through the activation of the mTOR/ PI3K/Akt pathway. Meanwhile, NOS3/NO are also involved in this regulatory system. These findings suggest that GLUT is a mediator of T 3 -and FSH-induced follicular development. (Endocrinology 158: 1898(Endocrinology 158: -1915(Endocrinology 158: , 2017 F ollicular development is a complex and highly selective processes: ,1% of follicles escape atresia. Furthermore, only dominant follicles can reach the preovulatory stage and eventually ovulate during the ovarian cycle, which is regulated by endocrine, autocrine, and paracrine factors. The preantral to early antral transition is the penultimate stage in terms of gonadotropin dependence, and follicle destiny (survival/growth vs atresia) (1) is also the most critical stage during follicle development because it is most susceptible to atretogenic signals. Not only reproductive hormones, but also thyroid hormones (THs) as potential paracrine factors, play critical roles in follicular development in the mammalian ovary. Several studies have shown that hypothalamicpituitary axis dysfunction induced by the dysregulation of THs impairs female reproductive function, including ovarian follicular growth and function. Moreover, it has been demonstrated that 3,5,3 0 -triiodothyronine (T 3 ) augmented follicle-stimulating hormone (FSH)-induced development of preantral follicles in vitro (2, 3).
F ollicular development is a complex and highly selective processes: ,1% of follicles escape atresia. Furthermore, only dominant follicles can reach the preovulatory stage and eventually ovulate during the ovarian cycle, which is regulated by endocrine, autocrine, and paracrine factors. The preantral to early antral transition is the penultimate stage in terms of gonadotropin dependence, and follicle destiny (survival/growth vs atresia) (1) is also the most critical stage during follicle development because it is most susceptible to atretogenic signals. Not only reproductive hormones, but also thyroid hormones (THs) as potential paracrine factors, play critical roles in follicular development in the mammalian ovary. Several studies have shown that hypothalamicpituitary axis dysfunction induced by the dysregulation of THs impairs female reproductive function, including ovarian follicular growth and function. Moreover, it has been demonstrated that 3, 5, 3 0 -triiodothyronine (T 3 ) augmented follicle-stimulating hormone (FSH)-induced development of preantral follicles in vitro (2, 3).
Substantial energy is necessary to sustain ovarian growth, and the predominant energy substrate appears to be glucose (4, 5) . Glucose is a hydrophilic molecule that cannot permeate the cell membrane, and its utilization is catalyzed by a family of glucose transporter proteins (GLUTs) (6) (7) (8) , which are membrane proteins expressed in specific tissues and regulated by metabolism and hormones. There are 14 known members of the GLUT family (9, 10) . These transporters have different tissue localization and functional characteristics and are subject to considerable interspecies variation. Many studies have shown that GLUT-1, GLUT-2, GLUT-3, and GLUT-4 are major contributors to glucose uptake owing to their high affinity for glucose; thus, they are thought to play a central role in glucose uptake in various tissues (5, (11) (12) (13) (14) . Several reports have shown that GLUT-1, -2, -3, and -4 are present in rat ovaries (4, 15, 16) . It has also been found that GLUT expression in human granulosa cells affects oocyte metabolism and quality (17) . The expression of GLUT isoforms is regulated by numerous intra-and extraovarian factors during follicular development, such as interleukin-1 (15) , estradiol (18, 19) , FSH (4) , and gonadotropin-releasing hormone (GnRH) (16) . Moreover, in a previous study, we found that thyroid gland dysfunction affects GLUT expression in rat ovaries, which is also affected by gonadotropin (20) . However, the precise mechanisms by which THs regulate GLUT expression and glucose uptake in ovaries are not completely understood.
Nitric oxide (NO), a known biological messenger molecule (21) , has been shown to act directly upon various aspects of ovarian physiology, including follicle growth, ovulation, oocyte maturation, corpus luteum function, and steroidogenesis (22) (23) (24) . Many studies suggest that NO has multiple beneficial effects, such as inhibiting granulosa cell apoptosis, increasing estradiol levels in follicular fluid, and increasing follicular size (25) (26) (27) . Furthermore, NO deficiency suppresses the development of antral follicles (28) . In contrast, NO has also been shown to inhibit follicular steroidogenesis in pig (29) . However, whether and how NO is involved in granulosa cell glucose uptake is not completely understood.
NO is synthesized from L-arginine (L-arg) substrate by NO synthases (NOSs), which exist mainly in three isoforms in a wide range of mammalian cells: neuronal NOS/ NOS1, inducible NOS/NOS2, and endothelial NOS/ NOS3. NOSs are present in the ovary (30, 31) , although their expression and activity are highly dependent on species, cell type, and stage of ovarian development.
According to previous reports, NOSs are detectable in rat granulosa cells (30, 31) , theca cells, and luteal cells (32) of primary follicles, secondary follicles, and small antral follicles. NOS2 in rat granulosa cells of immature follicles may inhibit granulosa cell apoptosis, as a result of preventing ovarian follicle atresia (33) . Several studies have shown that gonadotropin increases NOS3 expression and activity. However, the nature of hormonal regulation of NOS2 in the rat ovary is uncertain (30, (34) (35) (36) . It has been reported that THs play important roles in the regulation of ovarian NOS activity: NOS activity is significantly augmented in rats with high levels of THs, but diminished in rats with low levels of THs (32) . Recent studies indicate that T 3 increases NOS3 and leads to NO production in endothelial cells, which is mediated by the nongenomic activation of phosphatidylinositol-3 kinase (PI3K)/Akt (37, 38) . Moreover, we previously demonstrated that FSH potentiates rat granulosa cell survival in preantral follicles through the PI3K/Akt pathway in vitro, consequently improving follicular development, and that this process is markedly enhanced by T 3 (39) . FSH also induced multiple follicular differentiation markers via PI3K/Akt and mammalian target of rapamycin (mTOR) signaling in rat granulosa cells (40) . Another study found that FSH upregulates mTOR signaling through an extracellular signal-regulated kinase-dependent pathway in rat granulosa cells (41) . Although mTOR and NO play important roles in the modulation of ovarian function, whether and how mTOR and NO are involved in glucose uptake in granulosa cell remains to be determined.
In this study, we investigated the cellular mechanisms of TH-induced granulosa cell GLUT expression and the possible involvement of NOS/NO in these processes. We demonstrated that T 3 and FSH cotreatment increases the expression of GLUT-1 and GLUT-4, which are associated with increased glucose uptake by granulosa cells. In addition, hormone treatment also increased GLUT translocation to the plasma membrane. These responses are mediated by the activation of nongenomic pathways, mTOR and PI3K/Akt. We also present evidence for the effects of NOS/NO on T 3 -and FSH-induced GLUT expression and glucose uptake.
Materials and Methods

Reagents and antibodies
All chemicals and culture media components used in the current study were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise specified. Culture media were purchased from Gibco Bethesda Research Laboratories (Grand Island, NY). The enhanced chemiluminescence detection kit was obtained from Amersham Life Science (Oakville, ON, Canada). Acrylamide (electrophoresis grade), N,N 0 -methylene-bis-acrylamide, ammonium persulfate, glycine, and sodium dodecyl sulfatepolyacrylamide gel electrophoresis-prestained molecular weight standards were products of Bio-Rad (Richmond, CA). Rabbit polyclonal anti-GLUT-1 (ab652), rabbit polyclonal anti-GLUT-2 (ab95256), rabbit polyclonal anti-GLUT-3 (ab41525), rabbit polyclonal anti-GLUT-4 (ab654), rabbit polyclonal anti-mTOR (ab2732), rabbit polyclonal anti-NOS1 (ab76067), and rabbit polyclonal anti-NOS2 (ab3523) were purchased from Abcam (Cambridge, MA). Rabbit polyclonal anti-Akt (9297) and rabbit polyclonal anti-phospho-Akt (Ser 473 ) (9271) were from Cell Signaling (Danvers, MA). Rabbit polyclonal anti-phosphomTOR (sc-101738), rabbit polyclonal anti-NOS3 (sc-8311), mouse monoclonal anti-b-actin (sc-81178), and horseradish peroxidase-conjugated anti-rabbit and anti-mouse IgG were from Santa Cruz Biotechnology (Beijing, China). Revert Aid First Strand cDNA Synthesis Kit, TRIzol reagent, was obtained from Thermo Fisher Scientific (Waltham, MA); SYBR Green polymerase chain reaction (PCR) kit was purchased from Bio-Rad. PCR primers for GLUT 1-4 and 18S ribosomal RNA were from Beijing Sunbiotech (Beijing, China). mTOR inhibitor rapamycin, PI3K inhibitor LY294002, Akt inhibitor (API-2), and NOS3 inhibitor N(G)-nitro-L-arginine methylester (L-NAME) were purchased from Selleck Chemicals (Houston, TX). The GLUT inhibitor II was purchased from Merck Millipore (Merck KGaA, Darmstadt, Germany). The 2-deoxyglucose (2-DG) Uptake Measurement Kit purchased from Cosmo Bio (Tokyo, Japan) was used to detect glucose uptake level. The Cell Counting Kit-8 (CCK-8) purchased from Dojindo (Kumamoto, Japan) was used to analyze cell viability. The One Step terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) Apoptosis Assay Kit (Beyotime Biotechnology, Beijing China) was used to identify cell apoptosis. The Cell-Light EdU Apollo 488 In Vitro Imaging Kit was obtained from Guangzhou RiboBio (Guangdong, Guangzhou, China). Lipofectamine 3000 was purchased from Invitrogen (Carlsbad, CA).
Animal treatments
Sprague-Dawley rats aged 21 days old were purchased from the Beijing Vital Laboratory Animal Technology (Beijing, China) and used for all experiments. Rats were submitted to the experimental procedures described below. The study was performed in accordance with the Principles of the Care and Use of Laboratory Animals and China Council on Animal Care and was approved by the Institutional Animal Care and Use Committee of Capital Normal University. Rats were kept under constant conditions of temperature (24-26°C) and humidity (60 6 2%) with a 12/12-hour light/dark cycle and received pathogen-free water and food for maintenance, except for special requirements. Rats were injected subcutaneously with diethylstilbestrol (1 mg/d; 3 days), and ovaries were collected at 72 hours after euthanized by cervical dislocation.
Rat granulosa cell isolation and culture
Granulosa cells were aseptically harvested from preantral and early antral follicles by follicle puncture. The oocytes were removed from the cell preparations by filtering the cell suspensions through a nylon cell strainer (40 mm; BD Biosciences, New York, NJ; no. 352340). Cell number and viability were estimated by trypan blue dye exclusion test. At day 0, 9 3 10 5 viable granulosa cells were cultured for 6 hours in a six-well plate with 2 mL M199 medium [supplemented with HEPES (10 mM), streptomycin (100 mg/mL), penicillin (100 U/mL), and fungizone (0.625 mg/mL)] containing fetal bovine serum (10%, wt/vol). The media were then replaced with serum-free M199 supplemented as above for 12 hours thereafter, and cells were treated with FSH (100 ng/mL) with or without T 3 (1.0 nM). In some experiments, cells were pretreated with the mTOR inhibitor rapamycin (100 nM), PI3K inhibitor LY294002 (10 mM), Akt inhibitor API-2 (10 mM), L-NAME (1 mM), or GLUT inhibitor II (5 mM) 1 hour before FSH with or without T 3 treatment, respectively. Cells were maintained at 37°C under humidified atmosphere (5% CO 2 ).
For RNA interference, granulosa cells were transfected (48 hours) with NOS3 siRNA (GenePharma, Shanghai, China) and scrambled sequence control (CTL; GenePharma), using Lipofectamine 3000 (Invitrogen), according to manufacturer's instructions.
Western blot analysis
Western blot analysis was performed, as described previously (20) . Whole-cell lysates were prepared by incubating cell pellets for 30 minutes at 0°C in lysis buffer [30 mM NaCl, 0.5% Triton X-100, 50 mM Tris-HCl (pH 7.4); Beyotime Biotechnology, Shanghai, China], and protease and phosphatase inhibitor cocktail (Sigma-Aldrich) were added to buffers before use. The insoluble fractions were removed by centrifugation (15,000g, 4°C, 30 minutes). Supernatant was collected, and protein concentration was determined with the bicinchoninic acid Protein Assay Kit (Beyotime Biotechnology, Shanghai, China), following the manufacturer's instructions. A total of 15 to 80 mg (depending on individual experiments) of each protein sample was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred onto a nitrocellulose membrane. The membranes were then blocked in TBST (20 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20; pH 7.5) buffer containing 5% dehydrated nonfat milk at room temperature for 1 hour and subsequently incubated (4°C, overnight) with diluted primary antibody [polyclonal anti-GLUT-1 (1:500); polyclonal anti-GLUT-2 (1:1000); polyclonal anti-GLUT-3 (1:1000); polyclonal anti-GLUT-4 (1:2000); polyclonal anti-mTOR (1:1000); polyclonal anti-phospho-mTOR (1:500); polyclonal anti-NOS1, 2, and 3 (1:1000); polyclonal anti-Akt (1:2000); polyclonal antiphospho-Akt (Ser 473 ) (1:2000); or b-actin (1:10,000)], followed by horseradish peroxidase-conjugated secondary antibody (1:1000-1:10,000; 1.5 hours, room temperature). Peroxidase activity was visualized with the enhanced chemiluminescence kit according to the manufacturer's instructions. Protein content was determined by densitometrically scanning the exposed x-ray film. Immunoreactions signals were analyzed using gel-pro Analyzer 4.0.
RNA extraction, complementary DNA synthesis, and real-time PCR analysis
Total RNAs from cultured granulosa cells were extracted with TRIzol reagent (Invitrogen), according to the manufacturer's protocol, and then washed in 75% ethanol, dissolved in RNasefree distilled water. Total RNA of each sample was paralleled to quantify the concentration of the product, and 0.2 mg total RNAs was used to reverse transcribe complementary DNAs. Then messenger RNA (mRNA) abundance of target genes was analyzed by real-time PCR and normalized to 18S ribosomal RNA. Specific primer pairs used in the experiments are listed in Table 1 . Data were analyzed by the 2 2DDCT method (42).
Determination of NO levels in culture medium
To detect the content of NO in the culture medium of granulosa cells, the Nitric Oxide Assay Kit (Jiancheng Bioengineering Institute, Nanjing, China) was used in accordance with the manufacturer's instructions. Briefly, NO gas reacts in vivo and yields the stable end metabolism, nitrite (NO2 . So the kits provide a method for measurement of NO2 2 concentration as indicator of the index of endogenous NO. The optical density (OD) value was measured at 550 nm using a spectrophotometer, and the concentration of nitrite in the samples was calculated based on the standard nitrate concentration (43) .
Measurement of the NOS activity
The total NOS activity in granulosa cells was determined by Total Nitric Oxide Assay Kit (Jiancheng Bioengineering Institute), as described previously (32) . Briefly, the NOS activity was determined by the release of lactate NO generated via a fiveelectron oxidation of terminal guanidinium nitrogen on L-arg by NOS. NO combined to the nucleophilic materials and generated colorful compound. After that, the reaction was terminated by citric acid. The OD value was measured spectrophotometrically at 530 nm using a spectrophotometer. The activity of NOS in the samples was calculated based on the standard substance. To further address the NOS3 activity, granulosa cell lysis was collected after culture, and the rat NOS3 enzymelinked immunosorbent assay kit (Enzyme-Linked Biotechnology, Shanghai, China) was used to measure NOS3 production in each group, according to the manufacturer's instructions.
Immunofluorescence cell staining
For immunofluorescence staining, rat granulosa cells were cultured in poly-D-lysine (0.05% wt/vol; Sigma-Aldrich)-coated eight-well glass culture slides (BD Biosciences) with or without FSH and T 3 for 48 hours, and then fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 minutes, permeabilized with 0.1% Triton X-100 in PBS for 5 minutes, and blocked with 5% bovine serum albumin in PBS for 30 minutes. Specimen was incubated with polyclonal anti-GLUT-1 (1:200 dilution in blocking solution) or polyclonal anti-GLUT-4 (1:200 dilution in blocking solution), respectively, at 4°C for overnight and washed in PBS (three washes of 5 minutes each), followed by Alexa Fluor 488-conjugated secondary antibody (1:400 dilution in blocking solution; Jackson ImmunoResearch, Lancaster, PA) at 37°C for 1.5 hours. After washing with PBS three times, it was incubated with DiI (red, membrane stain) and 4 0 ,6 0 -diamidino-2-phenylindole (blue, nuclear stain) for 10 minutes at room temperature and then washed in PBS three times. After that, the coverslips were mounted on object slides using fluorescent mounting medium. Immunofluorescence was visualized using an immunofluorescence microscope (Olympus BX51; Olympus, Tokyo, Japan), and images were recorded by using a DP70 digital camera (Olympus Optical, Tokyo, Japan)
Glucose uptake assay
Glucose uptake levels were determined using a 2-DG Measurement Kit (Cosmo Bio, Tokyo, Japan) in accordance with the manufacturer's protocol. This system is based on an enzymatic photometric assay method for the direct measurement of 2-DG 6-phosphate amount, which monitors glucose uptake through detecting nicotinamide adenine dinucleotide phosphate generated during the oxidation of 2-DG 6-phosphate to 6-phospho-2-deoxyglucuronic acid. Briefly, granulosa cells were cultured with the hormones with or without inhibitors, as mentioned above. Before measuring, the medium was removed from the culture plate wells, and then the cells were incubated in serum-free medium for 6 hours. After washing three times, the cells were incubated with 2-DG solution at 37°C for 20 minutes. Medium was removed, and the cells were gently washed three times again. Cells were disrupted by microtip sonicator, and cell lysate was collected. Then the lysates were heated at 80°C for 15 minutes and centrifuged (4°C, 15,000g) for 20 minutes. The OD of each well was detected using a microplate reader at 420 nm. The concentration of each sample was measured in triplicates and calculated using the standard curve supplied in the kit.
Analysis of cell viability
The CCK-8 assay is based on the dehydrogenase activity detection in viable cells. WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] is reduced by dehydrogenases in cells to give a formazan dye, which is soluble in the tissue culture medium. The amount of the formazan dye generated by dehydrogenases in cells is directly proportional to the number of living cells. In the present studies, cell viability assay after treatment with hormones and/or GLUT inhibitor II was measured using the CCK-8 (Dojindo, Kumamoto, Japan). After incubation, CCK-8 solution (10 mL) was added to each well and incubated for an additional 2 hours at 37°C. The OD values in different wells were recorded using a microplate reader at 450 nm. The mean OD values for each treatment were used as the index of cell viability.
EdU incorporation assay
The EdU incorporation assay was performed according to manufacturer's instructions (RiboBio) (44) . Briefly, granulosa cells were cultured as described above, and then were incubated with 50 mM EdU for 2 hours, washed three times in PBS. After fixation with 4% paraformaldehyde at room temperature for 30 minutes and permeabilization in 0.5% Triton X-100 for 10 minutes, the cells underwent EdU staining. The cell nuclei were counterstained with Hoechst 33342 for 30 minutes. EdUpositive nuclei were determined under a Laser Scanning Microscope LSM 780 (Zeiss, Jena, Germany). The cell proliferation rate was calculated as the proportion of nucleated cells incorporating EdU in five high-power fields/well.
TUNEL
Apoptotic cells were identified by commercial reagent kit One
Step TUNEL Apoptosis Assay Kit (Beyotime Biotechnology, Beijing, China) based on manufacturer's protocol. Briefly, after treatment as described before, the cells were washed with PBS. 
Statistical analysis
The experiments were repeated at least three times, as detailed in the figure legends. Experimental data are presented as means 6 standard error of the mean. The statistical differences between treatments were calculated with one-way or two-way (repeatedmeasure) analysis of variance (Prism 5.0 statistical software; GraphPad Software, San Diego, CA). When significant differences were found, means were compared by the Bonferroni post-test. P values ,0.05 were considered to be statistically significant.
Results
Effects of thyroid hormone and FSH on GLUT expression
Glucose is an essential energy source for follicular development. In a previous study, we showed that T 3 increases FSH-induced follicular development. To examine whether FSH and T 3 regulate the expression of GLUT proteins, we cultured granulosa cells with hormones for 24 or 48 hours and determined cellular GLUT content using Western blot analysis. As shown in Fig. 1(a-d) , neither hormone alone or in combination had a significant effect on GLUT 1-4 expression at 24 hours (P . 0.05). Although FSH (100 ng/mL) or T 3 (1.0 nM) alone had no Figure 1 . Effect of T 3 and/or FSH on granulosa cell GLUT expression in vitro. Immature rats were treated with diethylstilbestrol (1 mg/day, 3 consecutive days) prior to granulosa cell isolation from preantral and early antral follicles. The cells were cultured for up to 24 or 48 hours in the absence or presence of FSH (100 ng/mL) and/or T 3 (1.0 nM). (a-d) GLUT 1-4 content was assessed by Western blot (WB) analysis after hormone treatment of 24 hours. There were no differences in GLUT 1-4 levels among the treatment groups. (e-h) GLUT protein content was measured by WB at 48 hours. Note that the combination of FSH and T 3 significantly increased GLUT-1 and GLUT-4 protein levels. (i-l) Cells were harvested at 24 and 48 hours for (i and j) GLUT-1 and (k and l) GLUT-4 mRNA analysis by real-time PCR. mRNA abundance was normalized using 18S ribosomal RNA. GLUT-1 and GLUT-4 content was upregulated by FSH with or without T 3 at 24 hours. Data are presented as mean 6 standard error of the mean of three independent experiments. *P , 0.05; **P , 0.01; ***P , 0.001 compared with CTL; + P , 0.05; ++ P , 0.01 compared with FSH alone. 
Hormone-enhanced glucose uptake in granulosa cells
Glucose is critical to granulosa cell growth. To determine whether THs and FSH regulate glucose uptake, we cultured granulosa cells with FSH and/or T 3 for up to 48 hours and quantified cellular glucose using 2-DG. As shown in Fig. 2(a) , hormone treatment had no significant effect on glucose uptake by granulosa cells at 24 hours. There was also no significant effect on glucose uptake after treatment with T 3 alone [3.61 6 0.04 (T 3 ) vs 3.21 6 0.01 (CTL), P . 0.05; Fig.  2(b) ] at 48 hours. Glucose uptake in cells was significantly increased by FSH (4.19 6 0.03), and this effect was enhanced by T 3 (4.85 6 0.23, P , 0.05) at 48 hours [ Fig. 2(b) ].
Effects of GLUT on granulosa cell glucose uptake and development
To investigate the function of GLUT in granulosa cell development, we cultured cells with GLUT inhibitor II. As shown in Fig. 3(a) , GLUT inhibitor II eliminated hormone-induced glucose uptake in granulosa cells [5.97 6 0.52 (FSH + T 3 ) vs 2.35 6 0.41 (FSH + T 3 + inhibitor II), P , 0.01; Fig. 3(a) ]. Moreover, GLUT inhibitor II significantly reduced cell viability compared with treatment with hormones alone [2.51 6 0.08 (FSH + T 3 ) vs 1.51 6 0.09 (FSH + T 3 + inhibitor II), P , 0.01; Fig. 3(b) ]. At the same time, as shown by the results of the EdU incorporation assay, GLUT inhibitor II also inhibited hormone-induced cell proliferation [28.96 6 1.44 (FSH + T 3 ) vs 3.32 6 0.83 (FSH + T 3 + inhibitor II), P , 0.001; Fig. 3(c) ]. In contrast, GLUT inhibitor II induced more apoptosis compared with the hormone treatment group [13.64 6 2.10 (FSH + T 3 ) vs 66.18 6 4.47 (FSH + T 3 + inhibitor II), P , 0.001; Fig. 3(d) ]. These results indicate that GLUT is involved in hormone-induced cell proliferation.
T 3 /FSH increase GLUT translocation to the cell membrane
Our results confirmed that hormones enhance cellular development partially through elevated glucose uptake. As glucose is actively transported into cells via GLUTs, we next investigated whether T 3 /FSH regulated the plasma membrane translocation of GLUT-1 and GLUT-4. As shown in Figure 4 , we found that both GLUT-1 [ Fig. 4(a) ] and GLUT-4 [ Fig. 4(b) ] were weakly present in the cell membrane as well as the cytoplasm in the CTL group. After FSH treatment of 48 hours, the expression of GLUT-1 and GLUT-4 increased in the cell membrane, and T 3 enhanced FSH-induced translocation. There were no obvious changes induced by treatment with T 3 alone.
Effects of T 3 and FSH on signaling
mTOR is an evolutionarily conserved and ubiquitous serine-threonine kinase that regulates the PI3K pathway (45) . FSH induced an increase in p-mTOR and mTOR protein expression at 5 minutes, and expression peaked at Involvement of the mTOR/PI3K/Akt pathway in T 3 /FSH-regulated GLUT expression and glucose uptake We previously found that the PI3K/Akt pathway mediated FSH-and T 3 -induced granulosa cell development (46) . To address the possible role of activated mTOR in the regulation of the PI3K/Akt pathway, we pretreated granulosa cells with the mTOR inhibitor rapamycin (100 nM) and quantified phospho-Akt content. We found that rapamycin attenuated FSH-and T 3 -induced p-Akt content, but had no effect on total Akt content [1.13 6 0.07 (FSH + T 3 ) vs 0.34 6 0.04 (FSH + T 3 + Rap), P , 0.001; Fig. 6(a) ].
To investigate whether the mTOR/PI3K/Akt signaling pathway is involved in the regulation of granulosa cell GLUT-1/GLUT-4 expression and translocation, consequently promoting cell glucose uptake, we pretreated granulosa cells for 1 hour with a specific inhibitor of mTOR (rapamycin), PI3K (LY294002), or Akt (API-2). We then treated the cells with FSH and T 3 for 48 hours. Although these inhibitors abrogated the glucose uptake induced by the combination of FSH and T 3 [4.75 6 0.23 Coincidentally, inhibitors also decreased the translocation of GLUT to the plasma membrane by hormones (Fig. 7) .
Effect of L-arg on GLUT
It is well known that NO is synthesized from L-arg by the enzyme NOS. Although numerous reports have shown that NO acts directly upon ovarian physiology, few studies have examined its effects on GLUT. Therefore, we treated granulosa cells with various concentrations of L-arg (0, 1, 25, 50, and 100 mM) and assessed GLUT expression using Western blot analysis. We found that GLUT-1 (1.47 6 0.05, P , 0.05) and GLUT-4 (1.91 6 0.22, P , 0.01) protein levels were significantly enhanced after 24-hour treatment with 25 mM L-arg compared with the CTL group [ Fig. 8(a) ]. This effect was reversed by L-NAME (1 mM), an inhibitor of NOS, suggesting that the NO donor increases the expression of GLUT-1 [1.33 6 0.10 (L-arg) vs 0.86 6 0.03 (L-arg + L-NAME), P , 0.05; Fig.  8(c) ] and GLUT-4 [1.32 6 0.08 (L-arg) vs 0.75 6 0.07 (L-arg + L-NAME), P , 0.01; Fig. 8(d) ] in rat granulosa cells. Moreover, glucose uptake by cells was also increased by L-arg [3.89 6 0.14 (L-arg) vs 3.21 6 0.01 (CTL), P , 0.01; Fig. 8(b) ], whereas the increased effect was blocked by L-NAME (3.34 6 0.05, P , 0.05). Meanwhile, we also Figure 6 . Involvement of mTOR and PI3K/Akt signaling in FSH-and T 3 -induced glucose uptake and GLUT expression. Granulosa cells were cultured, as described in Materials and Methods, and were pretreated with an inhibitor of mTOR (rapamycin, 100 nM), PI3K (LY294002, 10 mM), or Akt (API-2, 10 mM) for 1 hour. Cells were then cultured with FSH and T 3 for 48 hours. Cellular glucose uptake was analyzed by 2-DG measurement. Akt, GLUT-1, and GLUT-4 contents were assessed by Western blot analysis. (a) FSH and T 3 increased phospho-Akt content, but not total Akt content, in vitro. (b-d) Hormone-induced glucose uptake and upregulation of GLUT-1 and GLUT-4 were significantly blocked by inhibitors. Results are expressed as mean 6 standard error of the mean of three independent experiments. **P , 0.01; ***P , 0.001 compared with FSH + T 3 .
examined whether NO promotes GLUT translocation to the cell membrane. Our results showed that L-arg significantly increased GLUT-1 [ Fig. 9(a) ] and GLUT-4 [ Fig.  9(b) ] expression in the cell membrane, and that GLUT translocation was blocked by L-NAME.
Effects of T 3 and FSH on NOS and NO content
We next examined the expression of NOSs and the concentration of NO in granulosa cells after hormone treatment. We noticed that NOS1 and NOS2 protein content was not significantly altered after treatment with the FSH and /or T 3 [P . 0.05; Fig. 10(a) and 10(c) ]. However, NOS3 protein expression was elevated after 24-hour FSH and T 3 cotreatment of [0.78 6 0.07 (FSH + T 3 ) vs 0.57 6 0.02 (FSH), P , 0.05; Fig. 10(e) ], although FSH or T 3 alone failed to increase the level of NOS3 protein [0.51 6 0.04 (T 3 ) vs 0.50 6 0.01 (CTL), P . 0.05; Fig. 10(e) ]. To investigate whether hormones affected the activity of NOSs, we assessed total-NOS and NOS3 activity. The data revealed that total-NOS activity was significantly increased after FSH treatment with T 3 [1.53 6 0.06, P , 0.05; Fig. 10(b) ] or without T 3 (1.26 6 0.03) for 24 hours. In addition, FSH-increased NOS3 activity was significantly enhanced by T 3 [71.82 6 7.53 (FSH + T 3 ) vs 43.27 6 6.95 (FSH), P , 0.05; Fig. 10(d) ]. Moreover, we assessed NO concentration and found that it tended to increase in granulosa cells after treatment with FSH [26.44 6 1.53 (FSH) vs 17.52 6 1.33 (CTL), P , 0.05; Fig. 10(f) ] for 24 hours. Moreover, NO concentration was significantly enhanced by FSH and T 3 cotreatment [40.80 6 3.08, P , 0.01; Fig. 10(f) ].
Role of mTOR/PI3K/Akt signaling in hormone-induced NOS/NO
To determine whether mTOR/PI3K/Akt signaling is necessary for NO-mediated GLUT expression, we applied rapamycin, LY294002, or API-2 1 hour before FSH and T 3 treatment. Western blot analysis carried out after 24 hours revealed that the expression of NOS3 was significantly lower than in the group untreated with inhibitors [0.97 6 0.04 (FSH + T 3 ) vs 0.44 6 0.05 (FSH + T 3 + Rap), 0.47 6 0.08 (FSH + T 3 + LY), 0.36 6 0.09 (FSH + T 3 + API), P , 0.01, P , 0.01; Fig. 11(a) ]. We also measured total-NOS/NOS3 activity and NO concentration. As shown in Figure 11 NOS3/NO mediated FSH/T 3 -induced GLUT expression, translocation, and glucose uptake
To further determine whether NO mediates FSH-and T 3 -induced GLUT-1/GLUT-4 expression, we pretreated granulosa cells with the NOS3 inhibitor L-NAME (1 mM) for 1 hour. As shown in Figure 12 , L-NAME abolished the effects of FSH/T 3 on GLUT-1 [0.87 6 0.04 (FSH + T 3 ) vs 0.22 6 0.03 (FSH + T 3 + L-NAME), P , 0.001; Fig. 12(a) ] and GLUT-4 [1.02 6 0.06 (FSH + T 3 ) vs 0.45 6 0.02 (FSH + T 3 + L-NAME), P , 0.001; Fig. 12(a) ] expression. Moreover, the level of glucose upregulation by hormones was also reduced by L-NAME [4.76 6 0.23 (FSH + T 3 ) vs 3.04 6 0.08 (FSH + T 3 + L-NAME), P , 0.01; Fig. 12(b) ]. L-NAME also abolished FSH-and T 3 -induced GLUT translocation [ Fig. 12 (c) and 12(d)]. The effects of FSH/T 3 on GLUT expression, glucose uptake, and GLUT translocation were also attenuated by NOS3 knockdown (Fig. 13) . (c and d) Cells were treated as described in (b); GLUT-1 and GLUT-4 protein were detected by Western blot analysis. Data represent the mean 6 standard error of the mean of three independent experiments. # P , 0.05; ## P , 0.01 compared with CTL group (without L-arg); *P , 0.05; **P , 0.01 compared with control without L-arg; + P , 0.05; ++ P , 0.01, compared with L-arg alone. Figure 9 . Effects of L-Arg on GLUT translocation. Granulosa cells were treated, as described in Materials and Methods, with or without pretreatment with L-NAME (1 mM) for 1 hour before addition of L-arg (25 mM). After fixation, specimens were processed for immunofluorescence analysis of (a) GLUT-1 and (b) GLUT-4 translocation. Immunofluorescence was visualized by confocal microscopy. Bar = 10 mm.
Discussion
In this study, we investigated the roles of NOS/NO and the cellular mechanisms involved in T 3 /FSH-regulated GLUT expression and translocation in granulosa cells in vitro. Our results demonstrate that T 3 combined with FSH increases GLUT-1 and GLUT-4 expression and translocation, as well as cellular glucose uptake. These responses are mediated by upregulated NOS/NO, which are activated by the mTOR/PI3K/Akt signaling pathway. This study shows that mTOR, NOS, and NO have important roles in T 3 /FSH-induced GLUT expression in rat granulosa cells in vitro.
It is well known that glucose is taken up by cells via GLUT, which is critical for maintaining normal ovary function (11, 47) . Our previous study has shown that GLUT1-4 are present in ovarian cells and regulated by equine chorionic gonadotropin (16) . Additionally, we found that T 3 enhances FSH-induced preantral follicular development (2) . In this study, we show that T 3 and FSH cotreatment significantly upregulates GLUT-1 and GLUT-4 protein content, although either hormone alone failed to increase gene expression. This increased protein level may occur at the translational level, because we also found increased levels of GLUT mRNA. Although GLUT-2 and GLUT-3 have high binding capacities and the latter has the highest glucose affinity among GLUT proteins, they were not regulated by hormones. It has been reported that GLUT-1, which is highly related to the basal level of glucose uptake in Figure 10 . Effect of T 3 and FSH in vitro on NOS content, activity, and NO content in granulosa cells. Granulosa cells were cultured for up to 24 hours in the absence or presence of FSH (100 ng/mL) and/or T 3 (1.0 nM). Cells were then harvested for the analysis of (a, c, and e) NOS protein content and (b and d) activity, as well as (f) NO content. Data are presented as mean 6 standard error of the mean of three independent experiments. *P , 0.05 compared with CTL; https://academic.oup.com/endomost cell types, is ubiquitously expressed in all organs, including ovaries (11, 47, 48) . Moreover, GLUT-4 is probably the most studied protein among glucose transporter isoforms because it plays an important role in whole-body glucose homeostasis and the pathogenesis of type II diabetes mellitus (13) . Our results provide further support for the hormonal regulation of GLUT-1 and GLUT-4. Increased GLUT levels contribute to glucose uptake, which may explain how T 3 and FSH promote follicular growth and granulosa cell development (2, 39) . Several studies have indicated that increased glucose levels are necessary for ovarian growth. However, the transport of glucose across the cell membrane is the rate-limiting step of glucose utilization. Translocation of GLUT is a complex, coordinated process; it requires both extracellular stimuli acting on the cell membrane to initiate intracellular signaling and the intracellular machinery that traffics the transporter to the cellular membrane. GLUT-4 is localized mainly in intracellular storage vesicles, and storage vesicles are translocated to the plasma membrane by various stimuli, where they take up glucose to reduce postprandial hyperglycemia (49) . For granulosa cells, the combination of T 3 and FSH initiates GLUT translocation to the plasma membrane, which stimulates cellular glucose utilization. These results were confirmed by fluorescence imaging. However, the underlying mechanisms for the expression and translocation of GLUT-1 and GLUT- 4 have not yet been elucidated. It has been reported that GLUT-4 translocation is regulated by a complex cascade of multiple protein kinases in skeletal muscle. One such protein kinase is activated PI3K, which induces Akt phosphorylation to regulate GLUT-4 translocation and ultimately translocates to the plasma membrane (50) . In our previous study, PI3K/Akt pathway is also involved in T 3 -and FSH-induced granulosa cell development. We investigated the molecular pathways mediating the Figure 11 . mTOR/PI3K/Akt pathway mediated T 3 /FSH-induced NOS content, activity, and NO content. Granulosa cells were cultured, as previously described, and pretreated for 1 hour with inhibitors rapamycin (100 nM), LY294002 (10 mM), or API-2 (10 mM). Cells were then treated with T 3 and FSH for 24 hours, prior to analysis of (a) NOS3 protein levels, (b) NOS activity, (c) NOS3 activity, and (d) NO content. *P , 0.05; **P , 0.01; ***P , 0.001 compared with FSH + T 3 .
upregulation of GLUT by T 3 and FSH, and our results suggested that the PI3K/Akt pathway plays a regulatory role in this process. In addition, mTOR signaling plays crucial role in cell growth, metabolism, gonadotropin secretion, and energy homeostasis (51) (52) (53) (54) (55) . It has been reported that glucose uptake in brown fat cells is dependent on mTOR-promoted GLUT-1 translocation (56) . In this study, stimulation with T 3 and FSH induced mTOR activation, which mediated the PI3K/Akt signaling system. This signaling pathway contributed to the stimulation of glucose transport and glucose uptake by T 3 and FSH, although T 3 alone had no significant effect.
NO is a diffusible free radical gas and an acknowledged biological messenger molecule (22) . NO exerts a variety of physiological activities as an important mediator that is vital for the regulation of mammalian reproductive functions, especially those involved in follicular growth and development (32) . In this study, T 3 and FSH treatment increased NOS3 protein expression, as well as total-NOS and NOS3 activity in granulosa cells. These regulatory effects were also mediated by the mTOR/PI3K/Akt pathway. Many studies have shown that NO regulates glucose uptake via a cyclic guanosine monophosphatedependent protein kinase g-, adenosine monophosphateactivated protein kinase-, and p38 mitogen-activated protein kinase-independent pathway in different cells and that this regulation is mediated by increased GLUT expression (57) (58) (59) (60) . Our results show that a NO donor (L-arg) induced GLUT-1/GLUT-4 expression and translocation in rat granulosa cells, and that a competitive NOS inhibitor (L-NAME) completely abrogated these effects. Moreover, we found that NOS/NO are involved in glucose uptake in granulosa cells. Although mTOR/PI3K/Akt signaling mediated T 3 /FSH to induce NOS activity and NO production, the precise mechanism by which NO regulates GLUT-1/GLUT-4 expression and translocation, as well as glucose uptake, remains to be determined. Notably, FSH alone significantly elevated NOS activity, NO production, and glucose uptake, although it failed to increase GLUT-1 and GLUT-4 content in granulosa cells. These effects may be attributable to FSH-enhanced NO levels, which ultimately result in increased GLUT translocation and glucose uptake in granulosa cells. In conclusion, our findings demonstrate that GLUT is a positive regulator of T 3 -and FSH-induced granulosa cell development. According to our theoretical model (Fig. 14) , T 3 combines with FSH to regulate GLUT expression and translocation, which in turn contribute to glucose uptake by granulosa cells. Furthermore, mTOR/ PI3K/Akt signaling mediates the regulatory effects of T 3 / FSH, and NOS/NO also interacts with these processes. 
